UNCLASSIFIED

o 404 841,

DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

UNCLASSIFIED




NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
otaer than in connection with a definitely related
government procurement operetion, the U, 8.
Government theredy incurs no responsibility, nor any
obligation vhatsoever; and the fact that the Govern-
ment may bave formulated, furnished, or in any wvay
supplied the said Adrawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



Ctlawe

i i s

TETIT

OFFICE OF NAVAL RESEARCH

Contract Nonr 1682(01) Project No. NR 350-364

TEOHNICA L REPORT NO. 15
High Rate Cycling Behavior of the 3ilver Eleotrode
by
Thedford P. Dirkse

Calvin College
Departument of Chemistry
Grand Repids, Mioch.
april 1, 1663

Reproduction in whole or in part is
permitted for any purpose of the United States
Government

DDC

eleaiesiaiil

E MAY 241968

PLLQ: Shan

TISIA A



ABSTRACT
A study has been made of the behavior of the silver electrod: when it ie
cyoled at high ourrent rates in alkaline solutions. The ratio of charge
to discharge capscity has been measured at room temperature. An explanation

is suggested for the inefficiency that ie observed.



INTRODUOTION

Since the work of Andre (1) the use of the silver-zino-alkall system as
the beeis for a secondary battery has inoreassed rather markedly. However,
the system still suffers from certain disadvantages. For example, the cycle
l1ife is usually not lengthy for appreciable depths of discharge, and the
capaciiy often decreases with cydling. Some of these drawbacks can be traced
to the individual cell components and others probably result from a combina-
tion of factors.

Adother drawback of such batteries is the apparent inability to accept
a high rate charge readily and efficiently. This is considered the fault of
the silver electrode. This inability to acoept a high rate charge presents an
obstacle to the use of silver-zinc batteries in aero-space applications.

During a two-hour orbit the charging time often is limited to a period of the
order of 30 - 45 minutes.

Some studies have been made of this reported inability of the silver
electrode to accept a high rate charge. Wales (2) has collected data under a
variety of conditions such as electrolyte concentration, temperature, and current
rate. He used only silver eleotrodes with an excees of electrolyte. A separa-
tor, not identified, was also used. With such an arrangement he found that at
2500, using 35% and 50% KOH as electrolyte, the electrode operated with practi-
cally 100% efficiency, i.6., the discharge capacity equalled the charge capa-
city input. However, as the charging rate increased, the capacity accepted by
the electrode before gassing took place decressed. Murthermore, the discharge

current rate he used was always equal to or less than the charge current rate.
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This work has recently been extended by Wales (3) to 0°C and 20% KOH
as electrolyte. The charge efficiency at high current rates was below 100%
in 20% KOH at 2500, in 35% KOH at 0°C, and in SO% KOH at 0°C.

Other data have also been reported which indicate that the silver eleotrode
will not accept a high rate charge with 100% efficiency. These studies deal
with the weight gained by an electrode ‘during charging (4) and the volume of
gas evolved during charging (5). These studies indicate but do not prove or
definitely prescribe the nature of this deficiency.

The work reported here was undertaken with the purpose of determining
more definitely the behavior of the silver electrode during high rate charging.
A high rate charge is defined here as a charge which requires an hour's dure-

tion to restore full charge after the electrode has been completely discharged.
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EXPERIMENTAL

Three-plate cells were used throughout this work: These contained two
negative electrodes and one silver electrode. Unless otherwise noted the
negative electrodes were sinteted 0d-0dO electrodes, about 4 x 5 cm. The silver
electrode, 142 x 3,5 om, was wrapped in a separator and inserted between the
negative elestrodes. Frequently a small cadmium electrode was inserted as a
reference for voltage measurements. The cell cases were made of Plexiglae
or Lucite. The dimensions were 9 x5 x 2 cm. Twenty ml. of electrolite. was
used but some of this was "free" electrolyte. Lucite spacers were used to
pack the electrodes tightly together.

The current was supplied by a transidtorizéd constant ocurrent source. One
circuit, Pigure 1, allowed a different current to be used for discharge than
for charge. Voltages were fed to a pre-amp which supplied a signal to e

10 mv recording potentiometer.



RESULTS

In the first four cells that were used, the positive plates were covered
with 3 layers of cellophane. Two varisbles were studied: (a) electrolyte
concentration; and (b) particle si,e of the silver in the positive plate.

Cell No. 1 had 30% KOH as elestrolyte and the positive was mede of
Handy and Harmon Nos 120 eilver powder.

Cell No. 2 had 40X KOH as electrolyte and the positive was made of
Handy and Harmon No. 120 silver powder.

Cell No. 5 had 30% KOH as electrolyte and the positive was made of
Handy and Harmon No. 130 eilver powder;

Oell No. 6 had 40% KOH as electrolyte and the positive was made of
Hendy and Harmon No. 130 silver powder.

Before beginning the cycling regime, the cells were each given two cycles
at a current of 10 to 40 milliamperes. The results of the subsequent cycles
are shown on Figures 2 - 5. The current rates used are indicated on the graphs.
Each cell was taken apart after these cycles and only with cell No. 2 was any-
‘hing unusual detected. This cell had a broken connection to the negative te:-
winal. The eleotrolytes were olear, the plates appeared to be in good condi-
tion, and the separators were heavily contaminated with silver. In all but a
Zov instancee the cells were not allowed to gas on charge. The results show
little choice between 30% and 40X KOH as electrolyte at room temperature.

The plates containing the finer particles of silver, cells Nos. 5 end 6,
did not give as high capacities but gave somewhat better cycle life. However,

the difference is not great.
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Throughout all these runs the silver electrode did not deliver as much
capacity on discharge ashad been supplied in the previous charge. With few
exceptions, the capacity put into the electrode during charge was greater than
that delivered by the cell on discharge. Discharge was terminated at 0.75 volt
vs. the Cd-CdO electrode. As expected, the capacity put into the cell during
charge decreased as the charging current rate increased.

Cells Nos. 5 and 6 were cycled further to check more carefully the observa-
tion that the silver electrode accepted more capacity on charge than it delivered
on discharge. Cell No. 5 was cycled by using 100 ma. on charge and 200 ma.
on discharge. On charge onlyﬁas much capacity was put into the cell ae was
delivered on the previoue discharge. During none of these charges did the cell
reach the gassing potential. This shows that the cell was not fully charged
even at the rate used. However, the discharge capacity decreased as the cell
was cycled, Figure 6.

Cell No. 6 was also subjected to further cycling using 75 ma. on charge
and 150 ma. on discharge. Here again the charge input was equal only to the
previous discharge capacity except for cycles §, 9, 10, 16, and 20 (Figure 7)
in which a greater amount of charge was supplied, but in no instance did the
charging voltage reach that associated with oxygen evolutien. The capacity
tends to decrease though not as rapidly as with cell No. 5. When cell No. 6
wns talen apart there were black spots on the silver electrode. Thus at Llhe
n1d of all these cycles this silver electrode was not completely discharged.

Two more cells, Nos. 9 and 10, were constructed similar to cells Nos. 2
and 6. In this case the positive electrode was wrapped with fibroue sausage
casing, five layers on one side and three on the other side. The reference

electrode was wrapped in cellophane. After two cycles at 20 -~ 50 ma. the cells

-5



were oyoled at 100 ma. on charge and 150 ma. on Jiaohurgii The results are
shown on Figures 8 and 9.

The first 15 oycles on cell No. 10 were somewhat erratic because a meter
was reading insccurately and thus less charge was put into the cells than had
been ocaloulated. The points in Migure 8, however, are the corrected values.
Again the trend is the same as that observed previously. Beginning with cycle
36 the charge put into a cell was equal %o the previous discharge capacity
with the exception of oysle 62. The charge on this oycle and on oycle 35 was
at a low rate, 20 ma. and shows that the capacity of the cell is not permanent-
ly lost. As long as the charge capacity only equals the previous discharge
capacity the capacity of the cell decreases with cycling. Oell No. 10 would
accept about 375 ma-hre. of charge before the voltage reached that of oxygen
evolution.

The first ten cycles of cell No. 9 sre omitted fromw Pigure 9. These were
lower current rate cycles and showed that at low rates the cell had a die-
charge capacity of sbout 400 ma~hrs. Only about one-fourth of this capacity
is realized at the high current rates used in the oycles shown on PFigure 9.

Tlhe capacity gradually decreased over the first 25 oyocles and then remsined
constant for the next 75 oyoles. On Figure 9 the charge is shown only when

it was of a different quantity from the previous discharge capacity. The results
on cell No. 9 show that it is poesible to have the silver electrode operate

at 100% charge/discharge effioiency at the fairly high ourrent rates used here.
It is not known why this was possible with cell No. 9 but not with cell No. 10,
The only difference between these cells was in the particle size of the silver

used in making the silver plate. However, the data at hand are insufficient
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to attribute the difference in behavior to thie factor.

All these results suggest two poesibilities.

1- The silver eleotrode acoepts a charge at high charge rates but
this is generslly not completely available on discherge. This may
be due, e.g., to pockets of silver oxide which were bypassed be-
cause more favorable surrent paths had been set up around them.

2~ All the charge capacity does not produce silver oxide, i.e., there

ie some side reaction using up elactricity on charge. This side
reaction ies not the normal production of oxygen because at no time
did the silver electrode potential reach the value necessary for
oxygen evolution.

There ies evidence that the first possibility does explain some of the
inefficiency noted here. It appears that in some instances the Ag20 does
provide a barrier to the complete utilization of the eilver. For instance,
e sintered sllver electrode was cycled in such a way that the electrode was
charged at the 15 hour rate and given only a partial discharge at about the
100 hour rate. After some 35 such cyoles a complete discharge gave only
about half the capacity obtained before the electrode was given these 35
cycles. Upon examination of the silver electrode it was found that the bottom
third of the eleotrode was undischarged. X-ray examination indicated Agao.
An explanation for this is that during such cycling the Agao bujilde up and
some of it ie by-passed on diecharge because of other more favorable current
paths. As this process is repeated, pockets of Aggo may be electrically
isolated for purposes of discharge.

In cell No. 6 above, it was also noted that there were undiecharged areas

on the silver electrode after the cycling regime.
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Atteupts were made to wodify the oyoling behavior of the silver oxide
electrodes by adding other metallic oxides. Oxides having a relatively low
electrical resistance were sought with the object of providing more conducting
paths through the electrode. The idea was to offset the high electrical re-
sistance of Agzo and thus provide for better utilization of the aveilable
silver and avoid the isolation of ngo pockets in the electrode.

The oxides studied weres Hooz, MnO or MnO,, Zn0, HgO, 04O, CuO. Of the:>
only Hooz showed any promise. With the others, very short cycle 1ife was ob-
tained or the voltage characteristics were unfavorable. Moo2 was mixed with
silver powder and sintered at 1000°P for 1/2 hour. The electrods, about
1l x 2 om, wae wrapped in cellophane and cvcled with two Cd-Cd0 electrodes in
40X KOH. Two such electrodes were prepared. Each cycle lasted 12 hours. One
electrode gave 21 cycles and the other 17. The capscity decreased with cycling
and the cell did not have s good shelf life, However, the electrodes held up
well physically during the oyocling. But the performance was not good enough
to warrant further investigation at this time.

The use of palladium as an addition to the silver electrode has also been
suggested, (6,7). Plates prepsred with palladium additions were also cycled
but showed the same behavior under high rate conditions as the untreated
silver electrodes.

While the accumulation of isolated Agao pockete on silver electrodes has
been noted with lower current cyocling and with cycling involving incomplete
discharges, this has not been observed generally on any of the electrodes which
were subjected to high current rate cycling. Thus, the oharge/discharge in-
efficiency at high rate oycling cannot be explained by the formation and isole-

tion of such A;ao pockets in the electrods. Murthermore, if this were the
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cause it ie difficult to account for the gradual and smooth decrease in capa-
city as oyocling proeeeda; Figures 2 - 74 Another explanation wust be sought.

This other explanation suggests that not all the current on charge pro-
duces silvet oxide. It has been suggested earlier (8) that oxygen is formed
and ddsorbed on the silver electrode during the charge period when AgO ie
being formed. This accounts for the 100% Paradaic efficiency so far as weight
gain is concdrned and aiso the faot thet tte charge/discharge efficiency is
less than 100%. If this is the case then on discharge the adsorbed oxygen
could be released from the electrode surface.

According to Pigure 9 the charge/discharge efficiency at high rates de-
creased with cycle 1ife up to a point and then levelled off at about 25% of
original capacity. This can be explained by assuming that on chesrge a layer
of silver oxide is first formed and that after this is formed the further for-
mation of AgO and the production of adsorbed oxygen occur simultaneocusely.

It may be that penetration of oxygen, or oxide ion, O', into the lattice then
occurs much more slowly. Consequently, the charge/discharge efficiency is
100% so long as one is operating with only the initial oxide layer and becomes
less than 100X as more AgO is formed.

A cell similar to those described above was assembled and sealed with an
epoxy resin. An outlet from this cell was connected to a emall open end mano-
meter which contained dibutyl phthalate as the liquid. The purpose of this
was to measure small pressure differences within the cell during cycling. The
pressure within the cell was carefully measured at the beginning and at the

end of each discharge. The cell was oharged at different ocurrent rates but all



discharges were at 150 mai This cycling was all done at room temperature which
was assined to stay constant during the relatively short time periods for each
discharge,
The silver electrode contained about 1% palladium as an added impurity.
The same electrode was used throughout a series of runs. The results of some
of these runs ere summerized on Figure 10. Different charging current retes
were used and the change in pressure was measured between the beginning and
the end of charge. The charge was terminated when the voltage rose to 1.55 or
1.60 volts ve. the Cd-0d0 electrode. The cell was then allowed to stand on
open circult over night. After this it was dis;hargod at 150 ma. and the
chenge in preesure was again measured between the beginning and the end of
discharge. From Figure 10, which also includes the capacity values for theee
runs, it is evident that under these conditions there was a small pressure
increase during charge and during discharge.
There are several possible explanations for thie pressure increase.

l- an increase in the temperature of the cell.

2- reaction of AgO with the electrolyte to form A520 and 02.

3- 1liberation of adsorbed gases from the electrodes,
The increase in pressure on charge may be due to (1) and (2) above. Further-
more, some small amounts of oxygen may be produced electrochemically during the
formation of AgO on charge (5). The temperature factor is a difficult one to
determine precisely since the temperature inside the cell was not measured.
However, the cell was completely exposed to the air around it and there was
nothing to interfere with heat exchange between the cell and the environment.
3till, the effect of temperature cannot be neglected for with the cell that was

used a 1° or 2% change in temperature ocould cause the pressure changes noted.
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During discharge it is unlikely thet temperature played as large a role,
largely because the discharges were short. FPFor all the cycles, except the one
in which the cell was charged at 10 ma., the discharge lasted less than an
hour.

Another way to account for the pressure increase on discharge is to assume
a reaction between the AgO and the electrolyte. This reaction results in the
formation of oxygen which would lead to an increase in pressure in-thé closed
system. However, the cells were allowed to stand on open circuit for at least
15 hours before each discharge. During this time any initial reaction between
the electrode and the electrolyte would have occurred. By the time the dis-
charge was run the amount of oxygen produced by this reaction would have been
very small (9). Then too, the discharge lasted lees than one hour in all but
one case. Thus the amount of such reaction taking place during diecharge would
be negligible.

The third possible explanation for this pressure inorease during discharge
is that during charge some oxygen is produced and physically adsorbed by the
electrode. During the discharge thie oxygen, which does not deliver Faradaic
capacity, is released from the electrode and this increases the pressure with-
in the cell case. This mechaniem or process has been proposed before (5) and
the results given here are consistent with that hypotheels.

The pressure changes given on Figure 10 are likely minimum valuee because
the cadmium electrode has the ability to absord, by reaction, the oxygen pre-
sent in the cell. Such absorption would not be great here because the pressures
ineide the cell are but slightly different from atmospheric pressure and be-
cause there is excess electrolyte present, f.e., the cadmium electrode is opera-

ting under a "flooded" condition.
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I1f the adsorption of oxygen on charge and 1ts relesse on discharge is
considered to take place, then a ready explanation is at hand for the charge/
discharge inefficiency at high current charging rates. On charge the follow-

ing reactions may occur.

A320 - 2 OH - 2 Ag0 + H20 + 2e

wviiy the last two reactions produce capacity which ie available for discharge.
Un discharge the adsorbed oxygen is released as the electrode surface is
changed.

On Figure 10 the charge and discharge capacities are ehown. For all ex-
cept one run the charge/discharge efficiency is less than 100%. This exception
was the last run made in this series and at this time, obviously, some pre-
viously unused capacity was available for discharge.

On the basis of the results represented on Figure 10 it appears that a
poseible cause of the charge/discharge inefficiency at high charging rates is
the adsorption of oxygen on the electrode during charge. However, this is a
likaly explanation. Pigure 10 offers no warrant to say that this hypothesie

hae been proved.

ACKNOWLEDGMENT
Special thanke are due to Mr. Alex Klooster for designing the constant

current cirouit used in this work.

%%



J.

R.

AR e

LITERATURE REFERENCES

A ndre', Bull. soc. Franc. elec., (6) 1, 132 (1941)

P.
P.

P.

P,

M.

F.

Wales, J. Electrochem. 30c., 108, 395 (1961)

Yales, ibid., 109, 1119 (1962)

Dirkse and L. A . Vender Lugt, "A Study of the Oxides of Silver",
Teoch. Report No. 4 on Contract Nonr-1682(01), June 30, 1957,

Calvin College, Grand Rapids, Michigan

Dirkee and L. A. Vander Lugt, "Oxygen Adsorption by the Silver
Electrode", Tech. Report No. 13 on Contract Nonr-1682(01), October 1,
1961, Calvin College, Grand Rapide, Michigan

Lander and J. W. Rhyne, "Silver Oxide-7inc Battery Prograu",

Tech. Report on Contract AF 33(600)-41600, January 12, 1961,
Delco-Remy, Anderson, Indiana

Booe and R. E. Ralston, "Mervury Cell 3attery Investigation",

Tech. Report No. 2 on Contract Af 35(657)-7706, June 15, 1962,

P. R. Mallory, Indianapolis, Indiana

Dirkse, L. A. Vander Lugt, H. Schyders, "The Dissolution of Silver
Oxides in Alkaline Solutions", Tech. Report No. 14 on Contract

No. Nonr-1682(01), April 1, 1962, Calvin College, 3rand Rapids, Mich.

]
Amlie and P. Ruetschi, J. Electrochem. 3oc., 108, 813 (1661)

-13-



CAPTIONS FOR FIGURES

Figure 1. Constant Current Oharging Cirocuit.

Figure 2. Oycling behavior of Cell No., 1,

Figure 3. Cyoling behavior 6f Osll No. 2.

Pigure 4. Cycling behavior of Cell No. 5.

Pigure 5. Oycling behavior of Cell No, 6.

Figure 6. High rate cycling behavior of Cell No. 5.
Figure 7. High rate cycling behavior of Cell No. 6.
Pigure 8. Cyocling behavior of Cell Nol 10.

Figure 9. Cycling B@havior of Cell No. 9.

Pigure 10. Pressure changes during high rate cycling.



LEGEND FOR FIGURE 1
Rl" 25 ohm. The exact value and wattage depends on the
ocurrent desired.
R2- 10K ohms potentiometer
R3- 50 ohms, 1 watt resistor
Rh- and R5 -~ 250 ohm potentiometer
R and R, - % PST relays
c d
B - 1.5 volt dry cell
T1 -~ Transistor, Sylvania 2N677
T2 - Transistor, Sylvania 2 N35

T3 ~ Zener diode, Hoffman 1N1767

A - smmeter or shunt for measuring current.
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